A major challenge to turn the potential of carbon nanotubes (CNTs) into customer applications is to reduce or eliminate their toxicity. Taking into account health and safety concerns intensified research efforts are conducted to improve biocompatibility of CNTs, including the development of new shortening and purification strategies. Ideally, the methods used for improving the biocomapatibility of CNTs should not alter the electronic properties of CNTs. Here, we report on the shortening of a sample containing single-walled and double-walled CNTs using steam and get new insights in the properties of the steam treated CNTs. The present study shows that short CNTs (median length ca. 200 nm) can be obtained under the reported conditions. Raman analysis reveals that wider and outer nanotubes undergo more significant changes than the narrower and inner ones, especially after a prolonged steam treatment.
Introduction
Carbon nanotubes (CNTs) have found a broad range of applications due to the combination of fascinating chemical and physical properties. These include their implementation in memory devices, energy storage, electronic systems, composite materials, catalysis and biomedical applications. [1] Early reports on toxicity of CNT samples have hindered the practical use of these nanomaterials in some areas. [2] The toxicity associated to samples of CNTs arises, in most cases, from the presence of long CNTs and from residual catalytic nanoparticles employed for the synthesis of the CNTs, [3] which in turn can dominate the properties of the material. [4] Numerous studies have shown that shortening strategies and purification of the samples from side-products improve their biocompatibility. [3b, 5] The length of as-produced CNTs is typically on the order of micrometers. There are many strategies that allow shortening of the CNTs, such as oxidative chemical treatments, [6] mechanical grinding, [7] lithography, [8] sonication [9] and electron beam cutting. [10] Among them, the most commonly employed approach consists on the use of strong acids, namely HNO3, H2SO4 and their mixtures. [11] The use of such aggressive treatments leads to the disruption of the tubular structure of the CNTs, thus modifying their intrinsic properties. Therefore efforts have been devoted to control the oxidation process while preserving optical/ electronic properties of the material. [12] Furthermore, the presence of structural defects hinders the use of the inner cavities of CNTs to host selected payloads, and area that is getting an increased attention. [13] Steam being a mild oxidizing agent allows the purification and end-opening of carbon nanotubes whilst avoiding the formation of structural defects. [14] Early studies showed that once the ends are opened prolonged steam treatment results on the shortening of the nanotubes. [14b] We have recently established the length distribution of samples of multi-walled carbon nanotubes (MWCNTs) steam treated for different periods of time [15] but to date such information is not available for their single-walled and double-walled carbon nanotube counterparts (SWCNTs; DWCNTs). Raman scattering allows following the changes in physical and chemical properties of CNTs. It is one of the most suitable techniques for studying the fundamental properties of CNTs, since it is a non-destructive, contactless, quick technique with relatively simple or no preparation required.
[16] The Raman spectra of CNTs present several features, among which the most intense ones can be found in three spectral regions. First, the radial breathing mode (RBM), whose Raman shift (from 100 to 300 cm -1 ) inversely depends on the CNTs diameter. [17] Second, the tangential mode (G-band) centered at 1588 cm -1 , containing an axial and a circumferential component, which can be used to distinguish between metallic and semiconducting CNTs by its line shape. And third, the second-order Raman mode is the G'-band (also known as the 2D-band), centered at around 2650 cm -1 . [18] Additionally, for samples containing structural defects, the disorder induced mode (D-band) is observed at around 1350 cm -1 . The D-band is a second-order Raman mode and is used to analyze the quality of the CNTs as it is sensitive to structural defects in the graphitic sp 2 network, like those induced by carbonaceous impurities. [16a] Moreover, in order to study electronic structure and the physical properties of CNTs doping experiments can be performed. To induce doping, electrons or holes are introduced into the electronic structure of the CNTs either by chemical reactions (introducing donors [19] or acceptors [19b, 20] ), or by electrochemical charging. [21] The level of doping can be easily adjusted by applying potential. Electrochemical charging works as a double layer capacitor where the CNTs act as working electrode and the charge carriers are injected into the CNTs, while the electrolyte ions compensate the charge. In that way, extra electrons or holes are inserted in the CNTs causing changes in the electronic structure that can be followed by Raman spectroscopy. When the potential is changing, the charge transfer leads to a shift of the Fermi level, which can result in bleaching of the Raman modes in the CNTs spectra. When the van Hove singularities are filled, the associated optical transitions become blocked.
[22]
Therefore, Raman spectroelectrochemistry allows investigation of the changes in the physical properties of CNTs during charge transfer. On the other hand, when it comes to length distribution analysis of CNTs, microscopy techniques take the lead. Although atomic force microscopy (AFM) [23] and transmission electron microscopy (TEM) [24] , [25] have been mostly employed to assess the CNTs' length distribution, the use of scanning electron microscopy (SEM) presents substantial advantages. [5c, 26] SEM is in general more accessible than AFM and TEM and provides accurate measurements for wide areas of the sample in an easy and fast manner. Moreover most SEM samples require minimal preparation. A major problem when dealing with CNTs, especially with SWCNTs and DWCNTs, is that these nanoscopic materials tend to aggregate into bundles due to π-π interactions. Several approaches are nowadays available to debundle, at least partially, the nanotubes including the use of specific solvents [27] or by surface modification via both covalent and non-covalent approaches, [28] but the complete individualization of the nanotubes, desired for the determination of the length distribution remains a challenge. Towards this end we have developed a protocol to obtain individual CNTs spread on a support that allows the quantitative SEM determination of the length distribution of the steam shortened CNTs.
In the present work we get new insights on the role that the steam treatment plays in both length distribution and electronic structure of carbon nanotubes. A detailed Raman analyses with three laser excitation energies indicates that wider and outer nanotubes undergo more significant changes in the RBM bands than the narrower and inner ones, especially after a prolonged steam treatment.
Results and Discussion
As-received CNTs, which contain a mixture of both SWCNTs and DWCNTs (according to supplier), were steam treated at 900 ºC for different periods of time (4 h, 10 h, 15 h and 25 h), followed by an HCl wash. The yellow color that developed in the acid solution indicated the dissolution of iron nanoparticles (catalyst). The temperature was kept constant during the steam process since this parameter has already been previously investigated and optimized. [14a, 29] Both, as-received and steam treated CNTs were dispersed in ortho-dichlorobenzene and characterized by SEM to determine the length of individual nanotubes. CNT bundles and individual nanotubes can be easily distinguished in this imaging modality (SI, Figure S1 ). HRTEM analysis confirmed that the individual CNTs present on the support had few nanometers in diameter, as those measured from SEM images (SI, Figure S2 ). Statistical analysis was performed with a sample size of 300 for each of the groups, namely control group (as-received) and treated groups (steam + HCl). The resulting histograms are presented in Figure 1 . Visual inspection of the SEM images and the histograms already reveals that the length of the as-received CNTs decreases after exposing the material to steam. The length distribution of each of the studied groups does not follow a normal distribution, so it is not correct to determine an average mean value with the associated standard deviation to reflect the length distribution of each group. It is therefore necessary to perform a non-parametric analysis of the data. Figure 2 shows the box plot analysis of both as-received and the steam treated CNTs, and Table 1 contains the descriptive analysis. We employed nonparametric tests to assess whether the median and the length distribution of two given groups had significant differences or not. The median test was used for the former, and both the U test of Mann-Whitney and the Kolmogorov-Smirnov test, for independent groups, were employed for the latter. The null hypotheses (H0) were respectively: "medians are the same" and "length distributions are the same". Next Raman spectroscopy and in situ Raman spectroelectrochemistry with 3 different excitation energies (1.96 eV (633 nm), 2.33 eV (532 nm) and 2.54 eV (488 nm) were performed to understand the influence of steam on the physical and structural properties of the CNTs. Initially, the as-received CNTs were analyzed by in situ Raman spectroelectrochemistry in order to obtain more detailed information about its electronic structure. The potential-dependent Raman spectra (excited at 1.96 eV) of the as-received CNTs in acetonitrile electrolyte solution are shown in Figure 3 , for the whole spectral range. Figure 3a , b, c and d show the RBM mode, the D-band, the G-band and the G'-band regions, respectively. When applying positive potentials, from 0 V to +1.5 V, in steps of 0.3 V, the Fermi level is downshifted (p-doping, introducing holes into the ᴨ-band). The opposite occurs when negative potentials are applied, from 0 V to -1.5 V, the electron density increases due to the upshift in the Fermi level (n-doping, introducing electrons into the ᴨ-band).
[22b] In this way, when the Fermi level reaches the van Hove singularity level, the corresponding electronic transition is blocked and the Raman signal is bleached. The Raman spectrum at 0 V after applying the potential recovers its original shape, indicating that electrochemical doping of the as-received CNTs is a reversible process.
As can be seen in Figure 3 , the decrease of the spectral intensity is more evident in the case of the RBM bands than in the case of the G-band. Using the RBM frequency, the theoretical diameter of the nanotubes (dt) can be estimated according to Equation 1: = 217/ + 15. [17] Only the CNT species whose transition energies (denoted as Eii) are in resonance with (or close to) the energy of the laser show RBM bands in the Raman spectrum. According to the Kataura plot, the energy of the band gap in a CNT (Eii) is related to its diameter. [30] Figure 3a is divided into (Figure 3c .). The position of the G-band is upshifted for high anodic potentials in contrast to high cathodic potentials, in which the G-band position remains nearly constant. At high potential values, the G-band splits into 2 modes, this is an indication of the presence of double-walled carbon nanotubes (DWCNTs). [31] In this way, the G --contribution, at around 1583 -1586 cm -1 is assigned to the inner tube, and the G + , at 1588 -1611 cm -1 is attributed to the outer one. The outer tube is more sensitive to electrochemical charging as it is more exposed, and it exhibits a more pronounced shift of the G-band, revealing a higher charge carrier concentration at the outer tube. The evidence of the presence of DWCNTs can also be observed analyzing the RBM. The frequencies of the RBM of the DWCNTs are unaffected by changing the potential. However, their intensities are modified with the applied potential, differently for inner and outer tubes. The attenuation observed in the RBM bands intensity promoted by electrochemical charging are more pronounced for the outer tubes which have larger diameters (156 cm -1 ) and softer for the inner ones (200, 215, 221 and 259 cm -1 ). While the bleaching of the band at 156 cm -1 , which corresponds to outer tubes, is observed already at ± 0.3 V, the bleaching of the inner tubes is postponed. . [32] The broadening of the G-band indicates that semiconducting and metallic carbon nanotubes are in resonance at the used laser excitation energies. When nanotubes bundles are excited in resonance with the transition of metallic nanotubes, the G -is broadened. [33] As nanotubes with different diameters are in resonance at different laser energies, the as-received and treated samples were measured by Raman spectroscopy using 3 different energies: 1.96 eV (633 nm), 2.33 eV (532 nm) and 2.54 eV (488 nm) to examine the effect on different diameters. The D-band appears at 1347 cm -1 using 2.54 eV and 2.33 eV and at 1320 cm -1 using 1.96 eV as excitation energy, since the frequency of the D-band is laser energy dependence. [34] In order to evaluate the amount of defects in the samples, in Figure 6 we represent the intensity ratio between D and G-bands (the AD/AG ratio), calculated from the integrated areas (AD and AG, respectively).
As observed in Figure 6 , the AD/AG ratio decreases as the time of treatment increases. This correlation is consistent with the fact that amorphous carbon presented in the samples is removed within steam treatment. 31 Besides, studying the lowering tendency of the AD/AG ratio with the time of treatment, we can observe that no significant number of new defects were created. In agreement with the Raman analysis, HRTEM inspection of the steam treated CNTs also reveals that the sidewall structure of the CNTs has been well preserved after the steam treatment ( Figure  7a and b) . Furthermore, since short CNTs with a low degree of structural defects are of interest for the growth and shielding of one-dimensional compounds, we filled a sample of CNTs treated with steam for 25 h with NaI. The metal halide was encapsulated by molten phase high temperature filling, which results in the formation of filled closed-ended CNTs. [35] Having closed or corked ends allows the removal of the external material (using an appropriate solvent) whilst preserving the encapsulated compounds. [35] [36] Therefore, being NaI water soluble, the NaI crystals external to the CNTs were removed by stirring the sample in water. Figure 7c shows a Z-contrast HAADF STEM image of the resulting sample where filled carbon nanotubes can be clearly seen. In this imaging modality NaI appears with a brighter contrast (white strings in the image) than carbon from the nanotubes (pale grey in the image). This confirms the ability of the steam treated CNTs to seal materials in their interior. If the CNTs had structural defects, release of the encapsulated NaI would have occurred during the washing protocol employed for the removal of the external NaI. Apart form filled CNTs, some small bright dots are also visible in Figure 7c that correspond to residual inorganic particles, still present after the steam and HCl purification. The amount of inorganic material present in a sample of CNTs can be easily determined by thermogravimetric analysis, where the residue obtained after the complete combustion of the carbonaceous species corresponds to the inorganic material in its oxidized form. TGA in air was performed for all the samples and the inorganic residues are summarized in Figure 8 (See SI for the TGA curves, Figure  S3 ). It is worth noting that the onset of the combustion temperature shifts to higher temperatures when increasing the steam treatment, in agreement with the lower content of defects determined by Raman analysis of the samples. EDX analysis of the inorganic solid residue obtained after the complete combustion of the as-received material, reveals the presence of iron and silicon (SI, Figure S4 ). Whereas iron is used for the growth of the nanotubes, and its presence in the elemental form has been previsouly determined by X-ray photoelectron spectroscopy anaylsis, [14b] silicon is more likely to be present as silica in agreement with the large oxygen peak visible in the EDX spectrum. The amount of iron and silica in the samples cannot be discerned from the TGA data. Therefore, the contribution from the metal impurities (iron) was calculated from magnetic measurements using a superconducting quantum interference device (SQUID) magnetometer [37] and is also included in Figure 8 . The amount of Fe in the as-received CNTs is 1.4 wt.% (SQUID). This amount of Fe is converted to Fe2O3 during the TGA under flowing air. Thus, 1.4 wt.% of iron will result in a 2.0 wt.% of Fe2O3 residue after the complete combustion of the sample. The amount of silica can be determined from the difference between the inorganic solid residue of the as-received material (4.6 wt.% by TGA) and the amount of iron oxide (2.0 wt.%) that is obtained by oxidation of the iron present in the sample during the TGA. Thus, the as-received CNTs contain 2.6 wt.%. of silica. As it can be seen in the figure, the amount of iron nanoparticles are greatly decreased after treating the as-received CNTs with steam for 4 h followed by an HCl wash down to 0.4 wt.% Fe (SQUID). The decrease in the metal content is also reflected as a decrease in the TGA residue. During the steam purification the graphitic shells coating the catalytic metal particles are removed.
[14b] Consequently, the exposed catalytic particles can be easily dissolved by treatment with hydrochloric acid and account for the decrease observed in the iron content. The metal particles still present after prolonged steam treatments and HCl wash are likely to be buried inside very thick graphitic particles, which are not completely removed during the steam oxidation. This leads to a relative increase in the iron content when increasing the time of steam treatment. The increase is batch dependent and reflects the thickness of the graphitic shells that stealth the Fe nanoparticles. In the present case, it only raises from 0.4 wt.% after 4 h steam to 0.7 wt.% after 25 h (SQUID), but larger increases have been reported.
[14b] Since neither steam nor HCl are able to remove silica from the sample, the continuous combustion of carbon upon increasing the steam treatment time results in a continuous relative increase in the amount of silica in the samples, reflected as an increase in the amount of inorganic solid residue determined by TGA.
Conclusions
We have investigated the role that the time of steam treatment plays on both the length distribution and the structure of single-walled and double-walled CNTs. Raman spectroscopy and in situ Raman spectroelectrochemistry with 3 different excitation energies (1.96 eV (633 nm), 2.33 eV (532 nm) and 2.54 eV (488 nm) prove that wider and outer nanotubes are the ones where more significant changes in the RBM intensities are observed upon the steam treatment, especially in the case of prolonged treatments (25 h). The inner tubes are protected by the outer ones; hence they are less affected by the treatment. The steam treated samples present a continuous decrease in the AD/AG ratio, being an indication of the removal of the more defective nanotubes and amorphous carbon. A different trend is observed on the length distribution of the CNTs. Short nanotubes (ca. 200 nm median length) are already achieved after 10 h of steam. The length distribution of the samples obtained after 10 h, 15 h and 25 h of steam treatment does not present significant differences, as assessed by non-parametric statistical tests. We have shown that individual nanotubes can be imaged by means of SEM by employing ortho-dichlorobenzene as a dispersing agent, thus allowing a fast assessment of the length distribution. The low degree of structural defects in the steam shortened CNTs allows the containment of selected payloads in their interior (NaI in the present study). We envisage the use of such short high-quality CNTs in areas such as advanced electronics, memory storage and in the biomedical field.
Experimental Section Material
Chemical vapor deposition (CVD) grown Elicarb® carbon nanotubes were provided by Thomas Swan & Co. Ltd. The as-received powder "Elicarb® SWNT" contains a mixture of both single-walled and double-walled carbon nanotubes (according to the supplier). Since this will be a subject of investigation in the present study, we will refer to this material as carbon nanotubes (CNTs).
Methods
As-received CNTs (400 mg) were finely ground with an agate mortar and pestle and spread inside a silica tube (4 cm in diameter) which served as a sample holder. The silica tube was then placed inside an alumina tube (5 cm in diameter) in the center of a tubular furnace. Steam was introduced at a rate of 0.58 mL/min by purging a continuous flow of argon (Carburos Metálicos, 99.999 % purity) through hot water (98 °C). The system was initially purged with Ar for 2 h to ensure the complete removal or air. Then, the furnace was annealed at a rate of 300 °C/min and dwelled at 900 °C for selected periods of time: 4 h, 10 h, 15 h and 25 h. According to previous reports, steam removes the amorphous carbon and graphitic shells that sheathe catalytic metal particles employed for the growth of the CNTs. [14] Therefore, each of the steam treated samples was independently refluxed with 6 M HCl to dissolve the exposed metal particles. The sample was collected by filtration onto polycarbonate membrane (0.2 µm pore size, Whatman® Nucleopore) and rinsed with distilled water until the pH of the filtrate was neutral. The collected solid powder was dried overnight at 100 °C and used for further characterization.
Prolonged steam treated CNTs (25 h + HCl) were filled with sodium iodide (Sigma Aldrich, 99.999 % purity) by molten filling. Both materials were ground together in a weight ratio 1:10 (CNTs:NaI) inside an argon filled glove box until the mixture presented a uniform color. The sample was placed inside a silica tube and sealed under vacuum before annealing it at 900 • C for 12 h. In order to remove the excess of NaI, external to the CNTs, the collected sample was dispersed in distilled water and stirred for 3 h at 60 °C. After this period of time filled tubes (NaI@CNTs) were recovered by filtration onto a polycarbonate membrane. The sample was dried overnight at 100 °C.
Equipment and characterization
Thermogravimetric analysis (TGA) of the samples was performed in a NETZSCH-STA 449 F1 Jupiter instrument. Samples were analyzed under flowing air at a heating rate of 10 °C /min until 900 °C. Magnetic measurements were done in a Superconducting Quantum Interference Device (SQUID) magnetometer (LOT-Quantum Design Iberia). A diamagnetic gelatin capsule was filled with 5-7 mg of sample. Data was acquired with an applied field from -15.000 Oe to +15.000 Oe at 10 K to obtain the hysteresis loops. The sample holder contribution was subtracted in all the measurements. The amount of iron in each of the analyzed samples was determined by taking into account the magnetic saturation of the bulk material (MsFe = 221.7 emu·g -1 ). Raman spectra were acquired using a LabRAM HR Raman spectrometer (Horiba Jobin-Yvon), and laser excitation energies of 2.54 and 2.33 eV (488 and 532 nm, respectively, Ar/Kr laser, Coherent) and of 1.96 eV (633 nm, He-Ne). A 50x objective was used with a laser spot of about 1 μm. The laser power was 1 mW and the spectral resolution was 1 cm -1
. Each sample was measured in multiple regions. Raman mapping was conducted with lateral steps of 1 μm (both in X and Y directions) on rectangular areas with varying sizes (49 data points or 900 data points for each map). The samples were measured under ambient conditions. The Raman spectroelectrochemistry was performed in a 3 electrode cell assembled in a glove box. The measured CNTs were cast on a Pt wire from their dispersion in methanol, which was employed as the working electrode. Another Pt wire was employed as a counter electrode and an Ag wire as a reference electrode. An Autolab PGSTAT (Ecochemie) potentiostat was used to apply potential. The electrolyte solution was LiClO4 (0.2 M) dissolved in dry acetonitrile. The potential was ramped to ± 1.5 V in steps of 0.3 V, and Raman spectra were acquired at constant potential at every step. The high frequency component of the G -band, the G + , was fitted by a Lorentzian line shape, whereas the low frequency component, the G -, was fitted using a Breit-Wigner-Fano (BWF) lineshape. The D-band was fitted by a Lorentzian lineshape. The length distribution of the samples was determined from analysis of SEM images using Digital Micrograph software. The sample for SEM observation was prepared as follows: first, a tiny amount of nanotubes was sonicated in 3 mL of ortho-dichlorobenzene (Sigma Aldrich, 99 %) between 30 to 45 min in order to achieve a good dispersion (the suspension presented a homogenous grey color). Then, about ten drops of this dispersion were placed onto a copper grid coated with a carbon film, and left to dry. SEM studies were carried out on a FEI Magellan 400L XHR using the In-Lens Detector (TLD) at a landing energy of 2 kV achieved by beam deceleration mode. In these conditions, surface sensitive images with spatial resolution below 1 nm are obtained, allowing the visualization of individual single-and double-walled carbon nanotubes. Three hundred isolated nanotubes were measured to determine the length distribution of as-received and treated CNTs. The sample of NaI@CNTs was dispersed in ethanol, and few drops were deposited on copper grids. Energy dispersive X-ray spectra were acquired at 20 kV on a FEI Quanta 200 FEG ESEM coupled to an Oxford Instruments EDX detection system. TEM images were acquired with a FEI Tecnai G2 F20 at 200 kV and scanning transmission electron microscopy images (STEM) on a FEI Magellan 400L XHR SEM operated at 20 kV with a high angle annular dark field (HAADF) detector. 
